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Fructose 1,6-bisphosphatase (EC 3.1.3.11, D-fructose 1,6-bisphosphate
1-phosphohydrolase) catalyzes a critical and essentially irreversible step
in gluconeogenesis: the conversion of fructose 1,6-bisphosphate (FbP) to
fructose 6-»phosphate and inorganic phosphate (1). It is currently
postulated that the control of the activity of the enzyme by metabolic,
allosteric, genetic, and hormonal effectors can act as possible means of
regulation of the rate of synthesis of carbohydrate from noncarbohydrate
precursors (2).
The enzyme was first isolated from rabbit liver and kidney by Gomori
in 1943 C3), but its role in carbohydrate metabolism was not recognized
until many years later. In autotrophs it catalyzes an essential reaction
in the Calvin-Bassham cycle and should function when energy is plentiful.
Under heterotrophic growth conditions, this enzyme catalyzes an essential
step in the Embden-Meyerhof pathway (gluconeogenesis) and is sensitive to
inhibition by adenosine 5'-monophosphate (AMP). Hers and Kusaka clearly
established its role in the metabolism of fructose in the livers of mam
malian species (4) (.Fig. 1). This pathway was confirmed by Leuthardt and
co-workers (5). A specific role of fructose 1,6-bisphosphatase in gluco
neogenesis was suggested by McGilvery and his co-workers, who found that
conditions which favored gluconeogenesis resulted in increased levels of
the enzyme in rabbit liver (6). It is now generally recognized that an
important site of the regulation of both gluconeogenesis and glycolysis
is at the level of fructose 1,6-bisphosphate synthesis and hydrolysis.
During the past two decades fructose 1,6-bisphosphatase has been iso














Figure 1. Schematic diagram of the gluconeogenic pathway, illustrating
the role of fructose metabolism in the liver. GcPase, glucose 6-phos-
phatase; FbPase, fructose 1,6-bisphosphatase; PFK, phosphofructosekinase.
muscle (8), rat liver (9), swine kidney (10), spinach leaf (11), Candida
utilis (12), Rhodospirillum rubrum (13), Polvsphondyliurn paVMdum (14),
Rhodopseudomas palustris (15), Euglenda gracilis (16), and Escherichia
c01i (17). of particular interest are the fructose 1,6-bisphosphatases
isolated from mammalian liver, kidney, and white skeletal muscle. A com
parison of the molecular and catalytic properties of liver, kidney, and
muscle fructose 1,6-bisphosphatases indicates a greater degree of simi
larity between the liver and kidney fructose 1,6-bisphosphatase than with
the muscle. Differences in immunoelectrophoretic properties, electropho-
retic mobilities, and amino acid composition but similarities in molecular
weight and subunit structure indicates that these are two distinct iso-
zymes of mammalian fructose 1,6-bisphosphatase; one present in liver and
the other in skeletal muscle (18). It has been suggested that each of
these enzymes has a distinct physiological role. The liver and kidney
enzymes are mainly involved in gluconeogenesis (19), while the muscle
enzyme is involved in the regulation of glycolysis (20).
Fructose 1,6-bisphosphatase has been isolated from rabbit liver in
two homogeneous forms that differ from each other with respect to func
tional and molecular parameters (21). One form is the classical enzyme
described by Gomori (3) with optimum activity at pH 9.2 and molecular
weight of 130,000 (8). The other is believed to be the native form
characterized by a pH optimum in the neutral range and by an increase in
molecular weight and sensitivity to AMP inhibition (21).
The purified native and modified enzymes have many common physical
and chemical properties. They require a free divalent cation (Mg+2 or
Mn+2), are allosterically inhibited by AMP, are inhibited by high FbP
concentration, have a high degree of specificity for substrate, and
exhibit an enhancement of catalytic activity in the optimum pH range
with chelating agents, such as EDTA, histidine, or cysteine (14, 15, 22).
Although a tremendous amou&t of work has been done with mammalian
liver, kidney, and muscle fructose 1,6-bisphosphatases, very little is
known about the structure, function, and properties of avian fructose
1,6-bisphosphatases. The purpose of this study has been the purification
of fructose 1,6-bisphosphatase from turkey liver and the determination
of several of its molecular properties.
LITERATURE REVIEW
I. Regulation and Function
Phosphatases are generally considered to be catabolic enzymes. Fruc
tose 1,6-bisphosphatase is generally recognized as playing a key role in
gluconeogenesis (23) (Fig.l) and is therefore subject to metabolic regula
tions complementary to the regulation of the enzyme phosphofructokinase,
which catalyzes the opposite step in glycolysis. In the direction of
glycolysis, the enzymatic activity of phosphofructokinase is inhibited by
citrate and Adenosine triphosphate (ATP), and this inhibition is reversed
by AMP C24). This inhibition of fructose 1,6-bisphosphatase by AMP has
been observed with the enzymes isolated from a number of biological sources
indicating that the direction of the flow in the Embden-Meyerhof pathway
might be controlled by the ratio of AMP to ATP (7,8,9,10). A high ratio
of AMP to ATP would favor the direction of glycolysis and the same time
prevent gluconeogenesis from proceeding. On the other hand, the inhibi
tion of fructose 1,6-bisphosphatase by AMP would protect the cell against
the wasteful dephosphorylation of fructose bisphosphate during glycolysis.
A second possible control mechanism was suggested by the observation
that modification of specific sulfhydryl groups in the protein resulted in
an increased activity of the purified enzyme at neutral pH (8).
The observation with mutants, both bacteria (26) and man (27,28),
lacking this enzyme have added proof of the gluconeogenic function of
fructose 1,6-bisphosphatase. Bacterial strains deficient in fructose
1,6-bisphosphatase were found to be incapable of growth on compounds
such as glycerol, acetate, or succinate, while children with fructose
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1,6-bisphosphatase deficiency showed episodes of hypoglycemia, severe
acidosis, lacacidemia, hepatomegaly, and hyperalaninemia.
II. Choice of Species for Study
The gluconeogenic enzyme, fructose 1,6-bisphosphatase, has been
obtained from a large number of biological sources. Most of the well
characterized fructose 1,6-bisphosphatase are from mammalian species.
Since little work has been done on the enzyme from avian species (29),
(30) this study was therefore undertaken to purify and characterize the
enzyme from avian tissues, namely turkey. Preliminary work with turkey
liver fructose 1,6-bisphosphatase suggested that turkey tissues would
be a reasonable source of the enzyme (29). Turkey tissues are also
commerically available in sufficient quantities and are relatively
inexpensive for large scale purification.
III. Properties of Avian Fructose 1,6-Bisphosphatase
A. Stability
Both chick and turkey liver fructose 1,6-bisphosphatase are stabi
lized by various compounds. Individually, FbP provided the greater
protection for the muscle enzyme while MgCl2 provides this for the
liver (31). In the presence of AMP or FbP the enzyme is significantly
protected against thermal inactivation (29). The enzymes can be sored
up to 3 months in the presence of Mg+2 of Mn+2 in Tris-HCl buffer or in
0.3 M NH4S04 without any significant loss in catalytic activity (29,31).
B. Effect of Divalent Cation on the Catalytic Activity
The purified fructose 1,6-bisphosphatase from chick (31) and turkey
liver (29), like all fructose 1,6-bisphosphatase purified to date,
require a divalent cation for catalytic activity. The optimum concen
tration for these divalent cations were 1.0-1.5 mM Mg+2 and .05-.075 mM
with Mn+2 (29). Above the optimum concentrations, both cations inhibit
the enzymatic activity, although greater inhibition was observed with
Mn+2. The values of Km, as determined from double reciprocal plots
using noninhibitory cation concentrations, were reported to be 0.42 x
lO-3 M for Mg+2 and .028 x 10"3 M for Mn+2 for the enzyme isolated from
turkey liver (29). The maximal activity with Mg+2 was reported by Han
+2
to be about 60% of the maximal activity observed with Mn .
C. Effect of Chelating Agents on Native Avian Fructose 1,6-Bis-
phosphatase
The addition of histidine or EDTA results in an increase in the
activity of the native enzyme in the neutral pH range. The maximal
effect of EDTA is equivalent to that of histidine except that EDTA is
more effective at lower concentrations (29). Moore reported that EDTA
exerts its maximum effect between 0.1-2.0 mM while histidine was maxi
mally effective at 1.0 mM. Histidine was also found to be nonstereo-
specific for the enzyme (32).
D. Molecular Weight and Subunit Structure
Fructose 1,6-bisphosphatase has been isolated from turkey and chick
liver and also chicken muscle by selective substrate elution (29,30).
Moore has determined the mol wt of the chick liver enzyme by disc gel
electrophoresis to be approximately 144,000 (32). The molecules were
also found to exist as tetramers in 10% NaDodS04 disc gel electrophoresis.
The ami no-terminal residue of the chicken liver fructose 1,6-bisphospha-
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tase as determined by Murthy and Johnson was found to be serine (33).
The carboxy-ternrinal residue as determined by digestion with carboxy-
peptidase, was found to be lysine (33).
E. Effect of Proteolytic Enzymes on Native Chick Liver Frutose
1.6-Bisphosphatase
The pH optimum of native chick liver FbPase as observed by Han
(29) and Moore (32) shifted from the neutral range to the alkaline range
when treated with papain or subtil ism. Han also noted that treatment of
the enzyme with trypsin or chymotrypsin resulted in a simultaneous de
crease in activity at both pH 9.2 and 7. 5 (29). The rate of hydrolysis
of the four proteases was drastically reduced in the presence of AMP.
The induced effects also resulted in a change in mol wt. Moore noted
that the digestion of the enzyme with the proteolytic enzymes reduced
the subunit mol wt from 36,000 to 15,000.
F. Effect of Substrate and Inhibitor on Avian Frutose 1,6-Bis-
phosphatase
Like all other frutose 1,6-bisphosphatases from vertebrates, the
enzyme has a high affinty for substrate and is strongly inhibited by
both AMP and high substrate concentration (29). The degree of inhibi
tion of the neutral turkey and chick liver fratose 1,6-bisphosphatase
by the above ligands decreases with increase in pH, temperature, or
Mg2+ concentration (noninhibitory) (29). Decrease in AMP inhibition
by increasing temperature has been reported for partially purified rat
and rainbow trout liver frutose 1,6-bisphosphatase (34). However, this
AMP inhibition of the partially purified frutose 1,6-bisphosphatase
from lungfish liver has been shown to be independent of temperature (35),
Han noted that the optimum pH of the turkey liver shifted toward the
alkaline range with increasing concentration of AMP (29).
EXPERIMENTAL
I. Materials
Frozen turkey livers were obtained from Pel-Freeze Inc., Roger, Ark.
D-fructose 1,6-bisphosphate (FbP), nicotiamide adenine dinucleotide phos
phate (NADP+), ethylene-diamine-tetra-acetate (EDTA), adenosine 5'-mono-
phosphate (AMP), sodium dodecyl sulfate (NaDodSO.), sodium acetate, bovine
serum albumin, glucose 6-phosphate dehydrogenase and phosphoglucose isomer-
ase were obtained from Sigma Biochemical, St. Louis, Missouri. Tris-HCl,
triethanolamine, diethanolamine, sephadex G-200, and sodium chloride
(analytical grade), were obtained from Fisher and/or Eastman Organic
Chemicals. Aldolase, chymotrysihogeh A, ribonuclease A and ovalbumin
were purchased from Pharamacia Fine Chemicals Inc., Piscataway, New
Jersey. All other chemicals were of reagent grade.
Whatman cellulose phosphate Pll was purchased from H. Reeve Angel,
Inc., Clifton, New Jersey. Before use, the powder was alternately washed
with alkali and acid, then with distilled water until neutral and stored
at 5° C in 0.1 M sodium acetate buffer (pH 5.6) containing lmM EDTA.




Fructose bisphosphatase activity was assayed spectrophotometrically
at 23° C by observing the rate of reduction of NADP+ at 340 nm with a
Coleman 124 UV-Visible spectrophotometer or with a Hitachi 191 Digital
spectrophotometer. Four routine assays the incubation mixture (1.0 ml)
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contained 0.05 M glycine-NaOH (pH 9.5) or 0.05 M Tris-HCl (pH 7.5), 0.1 mM
EDTA, 0.1 mM FbP, 2 mM MgCl , 1 unit each of glucose 6-phosphate dehydro-
genase and phosphoglucose isomerase, and an appropriate aliquot of fructose
bisphosphate. In certain assay mixtures, 0.025 M diethanolamine-0.025 M
triethanolamine (DEA-TEA) was used as the buffer, pH 7.5 or pH 9.5 respec
tively. The reaction was iniatiated by the addition of 0.1 mM substrate.
B. Protein Determination
In the initial stages of purification of the enzyme, the protein
content of the solutions were measured by the method of Lowry e* al_. (36),
using bovine serum albumin as a standard or by the 260/230 method of Kalb
et.al_. (37). For solutions of purified enzyme, protein concentration was
determined from the absorbance of 280 nm, and/or by the 215-225 nm method
of Murphy and Kies (38). The latter is based on the peptide bond absorp
tion in the region 195-225 nm. The extinction coeficients at 215, 225,
230, 260, and 280 nm were determined of a solution containing Img (dry wt)
of purified fructose bisphosphatase per milliliter in a light path of 1.0
cm. Specific activities were expressed as units per milligram of protein.
C. Purification of Turkey Liver Fructose 1,6-bisphosphatase
All operations were carried out at 0-4° C unless otherwise specified.
Crude Extract. In a typical procedure, 500 g of wet wt of frozen livers
were suspended in 0.075 M Tris-HCl containing 0.01 mM EDTA and 0.01 M
sodium bicarbonate (l/4,w/v). This suspension was homogenized for 2 min
in a Waring Blender and centrifuged for sixty minutes at 32,000 xg. The
supernatant was passed through glass wool to seperate lipid particles and
the pH was adjusted to 7.5 with 2 N NaOH.
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Heat Fraction. Portions of the supernatant were heated with constant
itirring in a water bath of 85° C. When the temperature of the enzyme
reached 60° C, it was removed and cooled to below 10° C in an ice bath.
At this point, the portions were pooled and the precipitate was removed
by centrifugation for 30 min at 26,000 x g. The supernatant fraction
was passed through glass wool and dialyzed for eight hours against 20 vol
of 0.10 M sodium acetate buffer (pH 6.0) containing 1 mM EDTA.
Phosphocellulose Chromatography. The dialyzed fraction was treated with
phosphocellulose PIT with constant stirring. During this addition, the pH
was maintained at 6.3 with 2 N NaOH. The phosphocellulose slurry (deep
red) was removed by light vacuum filtration. The clear filtrate retained
90% of the total activity it had in the heat fraction. The filtrate was
diluted with a vol of cold distilled water containing 0.1 mM EDTA. The
pH was adjusted to 5.7 by addition of 2 N acetic acid, and the phospho
cellulose suspension was again added, this time until all the enzymatic
activity had been absorbed. The suspension was filtered on a Buchner
funnel and the filtrate discared. The phosphocellulose paste was washed
on the funnel with 3 liters of 0.15 M dodium acetate buffer, pH 5.6, con
taining 0.1 mM EDTA. The moist paste was transferred to a glass column
(4.5 cm in diameter and 60 cm in height) and washed with 0.20 M sodium
acetate buffer, pH 5.8 containing .1 mM EDTA until the absorbance at
280 nm of the washing was near or equal to zero. The enzyme activity was
eluted with a solution of 0.10 mM fructose diphosphate-5 M adenosine
5'-monophosphate in 0.24 M sodium acetate buffer, pH 6.3 containing 0.1 mM
EDTA. During the elution, the activity emerged as a sharp peak and those
fractions with specific activity approaching 19 units per milligram were
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fractions with specific activity approaching 19 units per milligram
were combined.
D. Disc Gel Electrophoresis
Polyacrylamide gel electrophoresis was performed at room temper
ature in the standard 7.5% gel at pH 7.0 according to Davis (39), or
10% MaDodS04 polyacrylamide gel at pH 7.5 as described by Webner and
Osborn (40). Protein bands were stained overnight at 25° C in filtered
0.05% Coomassie brilliant blue in Me0H:H0Ac:H20 (5:1:5) and destained
by soaking in repeated changes of 7.5% HOAc at 25° C. The standards
used and their polypeptide chain molecular weight were: bovin serum
albumin (68,000), aldoine (40,000), ribonuclease A (13,700), and chymo-
tryosinogen A (25,000). In all cases. 50-200 mg of protein were applied
to the gel columns.
E. Sedimentation Equilibrium Studies
A portion of the stock enzyme that was routinely stored in Tris-HCl-
NaCl buffer was dialyzed exhaustively against 500 vol of glass distilled
water for 24 hr and lyophilized to complete dryness. Five mg (dry wt) of
the enzyme was dissolved in 1 ml of 0.1 M NaCl. This preparation was
frozen in an acetone-Dry Ice bath and taken to the University of Georgia
where it was analyzed for homogeneity and the molecular weight determined
using a Beckman model E Analytical Ultracentrifuge.
F. COOH-Terminal Analyses
Purified turkey liver fructose 1,6-bisphosphatase, which was stored
in Tris-HCl-NaCl buffer, pH 7.0, containing 0.1 mM EDTA was dialyzed for
24 hr against 600 vol of glass distilled water and lyophilized to complete
dryness. The dry powder (10 mg) was then dissolved in 2.0 ml of 0.2 M
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NH4HCO3 buffer, pH 8.0. This solution (0.2 ml) was taken and incubated
with 50 y£ of carboxypeptidase B. Samples were taken out after 3 hr, 6 hij
and 20 hr of incubation and applied to Whatman # 3 chromatography paper.
The amino acids were allowed to separate by chromatography in l-butan§l:
acetic acfd:water (4:1:5) for 22 hr. The paper was then dried and sprayed
with ninhydrin«CuN03 reagent. The amino acids were identified by com
parison with authentic standards.
G. NHo-Terrninal Analysis
The solution (100 yA) containing 5 mg/ml of enzyme in 0.2 M NH4HCO3,
pH 8.0, was incubated with 50 yn of leucine aminopeptidase for 22 hr.
The digested preparation (100 vs.) was then applied to Whatman # 3 chroma-
tographic paper and chromatographed in the organic phase of 1-butanol:
acetic acid:water (5:1:5) for 21 hr. The chromatogram was then dried and
sprayed with ninhydrin«CuN03 reagent and the NH2-terminal amino acid was
identified as previously described.
H. Circular Dichroism Studies
Circular dichroism (CD) measurements were performed using a Durrum-
Jasco Model SS-20 spectropolarimeter equipped with a Brinkmann Lauda K-2/R
temperature circulation bath. The spectropolarimeter was calibrated with
an aqueous solution of d-10 camphorsulfonic acid, 0289 nm = 0.308° for a
1 mg/ml sample and a Neodymium glass standard whose Xmax = 586 nm. In
general, scans were performed at a speed of 0.2 nm/sec with the slit width
less than 2 mm. Appropriate attention to the effects of scan speed, slit
width, and instrument time period constants insured optimal spectral
resolution. Absorbancies of all samples were maintained below 2.0 absor-
bancy units in the wavelength range studied. The spectropolarimeter
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records the molar ellipticity, 9, in degrees. The mean molar ellipticity
per residue, [9] , (degrees cm2 per decimole) was calculated from the equa
tion below: _ _ 9 . M R w
where M R W is the mean residue wt, 1 is the path length in cm, and C is
the concentration in decimoles per ml. The mean residue wt was determined
from the total amino acid composition.
The CD spectra for turkey fructose 1,6-bisphosphatase was determined
at various pHs, temperatures, and substrate and inhibitor concentrations
in .05 M Tris-HCl buffer containing .05 M NaCl. Variable temperature
measurements were made in a Durrum quartz variable temperature cell using
an optical path length of 1.0 cm. The instrument was continualTv^Tushed
during measurements with nitrogen gas which was dried by passing through
drierite before entering the instruments at a flow rate of 1000 ml/min.
The pH of the samples were obtained by dialyzing the stock solution, pH
7.0, up to pH 8.0 or 9.0. For each pH, the spectra were recorded at the
temperature of 220 C, 32° C, and 42° C respectively, without AMP and/or
FbP. To these solutions at 42° C, AMP and/or FbP was added and the spec
trum recorded at 42° C, 32° C, and 42° C. An average of 3 runs was taken
for each spectrum.
The method used to quantitate the enzyme secondary structure was that
of Chen (41) which is a modification of the method of Greenfield and
Fasman (42). The latter method uses a synthetic polypeptide (poly-L-
lysine) as the reference data to generate the CD reference curves for pure
helical, B-sheet, and random coil structures. Greenfield et al_. quanti-
tated secondary structures of proteins from CD spectra by a least squares
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regression analysis of a protein CD spectrum assuming a linear relation
ship between the protein spectrum and the spectra of pure helical, random
coil, and B-sheet structures of poly-L-lysine (42). The synthetic poly-
peptide as a model compound for proteins has proven to be unsatisfac
tory (41). X-ray diffraction studies have shown that globular protein
molecules contain only short helical and B-sheet segments, and that the
random portions (43) of the molecules are rigid and compact. They are
unlike synthetic polypeptides which can form long-chain helices and beta-
sheet structures, and extended flexible coils. The rotary properties of
the synthetic polypeptide are, therefore, not appropriate for describing
those of proteins (41). Woody and Tinoco have calculated the theoretical
optical activity of the helix and observed that the rotary strength of
the TT-n* transition should be greatly dependent upon cain length (44).
Scheraga's group (45) and Tinoco (46) have calculated that the rotary
strength of the n-if* transition at 222 nm of the helix should be also
chain length dependent. Urry found an extremely large theoretical chain-
length dependence for the n-f1* transition of the beta structure (47).
Chen has proposed an alternative approach to the determination of
helical, beta-sheet, and random coil forms of structure of globular
proteins by utilizing the fractions of the three structural forms for
five proteins from X-ray studies and determining a new set of reference
values for the helical, B-sheet, and random coil structures (Table 1).
By comparing the CD in the range of 208-250 nm with the model of
Chen, it was possible to deduce the percentages of helical, B-sheet, and
random forms of structures to within ± 5%. The region 208-250 nm was
chosen because it seemed to be less sensitive to nonchromophoric chain
17








































































































































































variation and solvent than the region below 208 nm. For a more detailed
discussion on the evaluation of protein conformation by CD see references
48,49, and 50 and for a more detailed discussion on CD in general, see
references 51 and 52.
I. Computer Program
Experimental data were analyzed by the minimization of the squares
of the deviation using a program (MAGIC) written for an IBM 1130 computer
located in the Computer Science Department of the Atlanta University
Center (53). This program calculates theoretical CD curves corresponding
to all combinations of integral percentages of beta-sheet, random coil,
and selected values of the percentages of alpha helix conformations for
a protein. The sum of the squares of the deviations at integral wave
lengths of each theoretical CD curve calculated from a single experimental
curve, is then determined. These values are then intercompared with all
theoretical curves generated. The theoretical curves whose sum of the
squares of its deviations is a minimum is then selected as the curve
giving the "best fit" to the experimental curve. The percentages of each
type of conformation present in generating this "best fit" curve is inter
preted as most nearly representing the actual conformation of the protein
producing the experimental CD curve.
J. Determination of Amino Acid Composition
The amino acid chromatogram was recorded using a Beckman Amino Acid
Analyzer by Travis and co-workers at the University of Georgia, Biochem
istry Department. The identity of each amino acid was established on the
basis of its position on the chromatogram, and quantitated on the basis
of the area under each curve. This method is accurate to within t 2%.
RESULTS AND DISCUSSION
The fructose 1,6-bisphosphatase-catalyzed reaction is an important
regulatory step in gluconeogenesis, and this enzyme is an important protein
for study, both as a specific phosphatase and as an allosteric enzyme from
avian sources. The data presented here indicates that the purified turkey
liver enzyme is similar in certain respects to fructose 1,6-bisphosphatases
isolated from other sources, and, as was shown in this study, also differs
in a number of important properties. The selection of turkey liver was
made because of the ready availability and inexpensiveness of the livers.
The enzyme was isolated using the modified methods of substrate elu-
tions previously described (21,54). This simple procedure described here
yields a homogeneous enzyme with pH optimum in the neutral range. This is
in contrast to the alkaline pH optima previously reported for purified
preparations from rabbit liver (8) and partially purified turkey liver (55)
fructose 1,6-bisphosphatase. The overall scheme for the purification of
the enzyme is shown in Fig. 2. The results of a typical purification pro
cedure in which fractions were assayed in the presence of Mg2+ are sum
marized in Table 2. The ratio of the activities at pH 7.5 and 9.2 in the
presence of Mg2+ was used as an index of enzyme modification and was found
to remain unchanged during the purification procedure (4). The enzyme
was eluted with 0.1 nM FbP-5.0 uM AMP in 0.24 M NaAc buffer, pH 7.0, con
taining 1 mM EDTA. Fractions were collected in 4 ml portions. The enzyme
activity appeared as a sharp peak after 165 ml (Fig. 3) and fractions with
specific activity approaching 19 were pooled. The pooled fraction was ad
justed to pH 7.0 with 2 N NaOH and treated with 5.0 mM MgCl2 at room tem
perature for 3 hr to remove bound substrate. EDTA and other salts were
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Frozen Livers (500 g)
50 mM Tris-HCl-10 # NaHC03 CpH 8.0) 0 *J
Homogenized for 2 min





Heat to 20°J,C and Cool
Centrifugation(29,000 x g)
Supernatant




pH 6.3 CellulosePhosphate Absorption
Slurry Filtrate
I
pH 5.7. Cellulose, Phosphate Absorption
Slurry Filtrate (Discard)
Pack into column and wash
with .1 M Tris-Hcl, .1 mM
EDTA (pH 7.0) until O.D. at
280 nm - .01
Elute with (.1 mM FbP-5 yM AMP)
.1 mM EDTA, in .2 M TriSMHCl (pH 7.0)
Figure 2. Scheme for purification of fructose 1,6-bisphosphatase.
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Table 2. Summary of Fructose 1,6-Bisphosphatase purification.
TotalTotal units^ Specific activity Activity
Fraction protein* pH 7.5 pH 9.2 pH 7.5 pH 9.2 ratio of



























a/ Protein content of the crude and heat fractions were measured by the method of Lowry et al. (36),
Or by the 260/230 method of Bernlor et al_. (37). The amount of protein in the phosphocellulose eluate
was determined from the dry wt of the salt-free purified enzyme solution.
b/ The enzyme activities at pH 7.5 and 9.2 were assayed under the standards conditions as described






Figure 3. Selective substrate-inhibitor elution of fructose 1,6-bis-
phosphatase from phosphocellulose column. See text for details.
Fractions were collected in 4 ml portions.
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removed by dialysis against Aquacide or Sephadex 200 and could be stored
for 3 mo at -20° C without any significant loss in activity.
The purified enzyme was found to be homogeneous upon polyacrylamide
gel electrophoresis and by sedimentation equilibrium studies. It was
determined that the native enzyme has a molecular weight of 144,000 and
exists as a tetramer by both methods. Fig. 4 shows the migration of the
native enzyme upon polacrylamide gels with (Tube A) and without (Tube B)
NaDodSO^, and the known standards (Tube C) used to determined the mole
cular subunit weight of the NaDodSO treated enzyme. By comparing the
NaDodSO treated enzyme with the standards, a value of 36,000 was ob
tained for the subunit mol wt (Fig. 5).
The amino acid composition was established and found to be quite
different from the reported values for neutral rabbit liver (54), and
neutral chick liver (55) fructose 1,6-bisphosphatase. Table 3 shows the
amino acid composition of neutral rabbit, chick, and turkey liver fructose
1,6-bisphosphatase. Comparison of the turkey fructose 1,6-bisphosphatase
with that of rabbit yields significant differences in the content of the
following amino acids: lysine, serine, glycine, glutamic acid, alanine,
valine, and isoleucine. However, all three of the neutral enzymes con
tained at least four moles of tryptophan per mole of enzyme.
Pure turkey liver fructose 1,6-bisphosphatase (1 mg/ml) in 50 mM
Tris-HCl buffer (pH 7.0), or 0.3 M NH4S04 buffer (pH 7.0) or water does
not absorb light in the visible region from 325-800 nm. The extinction
coefficients were determined for several wavelengths (Table 4) using a
1 mg/ml solution of the enzyme in distilled water.
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Figure 4. Migration on polyacrylamide gel of native turkey liver



















0.0 0.2 0.4 0.6 0.8
Figure 5. Estimation of molecular (subunit) weight of native
fructose 1,6-bisphosphatase. The comparison of the electrophoretic
mobility of the subunits of turkey liver fructose 1,6-bisphosphatase
with the mobilities of proteins of known molecular weights on NaDodSO^
gels.
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Table 4. Extinction Coefficients of a 1 mg/ml Solution of Fructose 1,6-
Bisphosphatase
1 of







Treatment of the purified enzyme with carboxypeptidase-B indicates
that the COOH-terminal amino acid is lysine. The first eight amino acids
released from the COOH-terminal end by prolonged incubation with carboxy
peptidase-B were identical to those of the chick liver fructose 1,6-bis-
phosphatase reported by Han (56). Those first eight amino acids have
been identified as: (leu,glu,asp,arg,phe,gly,try)-lys-COOH. Only one
amino-terminal residue was detected after incubation with leucine amino-
peptidase for 22 hours and identified as serine. These resulted are con
sistent with the conclusion that the purified enzyme is homogeneous.
The secondary structure of fructose 1,6-bisphosphatase was computed
for the enzyme under various conditions (pH, temperature, and substrate
and inhibitor concentrations) using a modified method of Chen which seems
to give reasonable values for the percentages of the three types of secon
dary structure. Upon inspection of the curves in Fig. 6 and 7, it can be
seen that the calculated and experimental curves agree to within + 2%.









X = CALCULATED DATA
-15.00
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of fructose 1,6-bisphosphatase under the various conditions was adequate.
Tables 5, 6, 7, and 8, show the values obtained for the secondary struc
ture under the various conditions. In Fig. 8 the circular dichroism
spectra in the far-ultraviolet region (208-250 nm) of the native turkey
liver fructose 1,6-bisphosphatase at pH 7.0, and 8.0, and 9.0 at 22° C
are reported. Table 5 shows the quantitative results at pH 7.0, 8.0,
and 9.0 at 22° C, 32° C and 42° C. The results indicate that the curves
at pH 7.0 and 8.0 are composites of contributions from helical, beta-
sheet and random coil conformations, whereas at pH 9.0 there's no helical
structure present. The enzyme was found to be very pH dependent and only
slightly dependent upon temperature in the range studied as indicated by
small changes in secondary structure. The temperature dependence is
greater at pH 7.0. Proceeding from 22° C to 42° C at pH 7.0 (Fig. 9)
resulted in a 35% decrease in helical structure, 16% increase in random
coil structure, and very little decrease in beta-sheet structure. Fig. 10
show that at pH 8.0 an increase in temperature (22-42° C) yields very
little change in a secondary structure. At pH 7.0, the enzyme is com
posed of 68% random coil structure as compared to 92% at pH 9.0, indi
cating that as the pH of the enzyme is increased a more random-like con
formation is formed.
The addition of AMP of FbP resulted in conformational changes in the
enzyme, with the effect being greater at pH 7.0 than 8.0, and greater at
pH 8.0 than 9.0 (Fig. 10 and 11 and Tables 6, 7, and 8), The magnitude
of the AMP or FbP induced conformational changes increases with a
decrease in temperature, with the greatest effects being observed at
pH 7.0. This is in agreement with the kinetic data previously reported
in our laboratory (29). The CD data indicates that at pH 7.0, if 0.1 mM
34
Table 5. Conformational Changes in Fructose 1,6-Bisphosphatase as a
Function of Temperature and pH.










Table 6. Conformational Changes in Fructose 1,6-Bisphosphatase in the
Presence of 0.1 mM FbP as a Function of Temperature.





















































































Table 8. Conformational Changes in Fructose 1,6-Bisphosphatase as
a Function of Temperature and pH in the Presence of 0.1 mM AMP.


































Figure 8. Circular dichroism curves of native fructose 1,6-bisphosphatase
at pH 7.1), 8.0, and 9.0 at 22° C. See text for details.
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Figure 9. Circular dichroism of native turkey liver fructose 1,6-bisphos-








Figure 10. Circular dichroism of native turkey liver fructose 1,6-bis-




Figure 11. Circular dichroism of native turkey liver fructose 1,6-bis-
phosphatase with inhibitor (AMP) at pH 7.0, 8.0, and 9.0 at 22° c.
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AMP (enough to saturate the binding sites) was added to the enzyme be
fore substrate (0.1 mM) no further changes in conformation was observed
upon addition of substrate. However, if FbP is added prior to AMP
addition measurable conformational changes were noticed. The increase
in mean residue ellipticity of turkey liver fructose 1,6-bisphosphatase
upon addition of FbP and/or AMP appears to be due to the binding of
these ligands to fructose 1,6-bisphosphatase. There was no change in the
circular dichroism observed in the aromatic region (spectrum not shown),
which suggests that the conformational changes observed upon addition of
AMP and/or FbP may not involve aromatic ami no acids.
From this study it is revealed that the catalytic and regulatory
functioning of the enzyme, in relation to pH, temperature, and to pre
sence of substrate or inhibitor, require substantial changes in second
ary structure.
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